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An optical torquemeter the indicating system of’which re@.res
no physical connection to the torsion shaft was constructed, and the
performance under static and dymmic conditions investigated.
Dynamic tests of this torquemeter were made over a range of shaft
speeds and torque loads from 6000 to 17,00’0rpm and 200 to 5500 inch-
pounds. Effects of syeed and temperature on the operation of the
torquemeter were investigated. Results of static calibration of
the instrument are presented.

The magnitude of the speed effects was experimentally deter-
mined and applied as a ccmrectia factor to the static-calibration
equation. The magnitude of the temperature effects was estimated ~
and also applied as a correction factor to the static-calibration
equation. The dynamic operation of the instrument over the range of
speed and load indicated an over-all root-mean-square accuracy and
precision of *0.51 percent of full load (6300 in.-lb).

Although the accuracy and the precision of this instrument are
acceptable, from a consideration of the relative merits of this
torquemeter and the strain-gage torquemeter previously investi@md
the strain-gage torquemeter is better suited to meet the needs of
compressor and turbine research.

INTR)MJCTIOIV

With the advent of current gas-turbine engines, the problem
of obtaining an accurate measurement of shaft torque at high rota-
tive speeds is acute. This need is particularly vital in basic
compressor and turbine research, where torque measurements accu-
rate to wtthin +0.5 percent at shaft speeds up to 17,000 rpm are
required.

A torque-measuring instrument inherently hav3ng a high degree
of accuracy and em@o@ng a simple type of indicating system is
considered to be the most logical solution to the problem. “The
perfozmmmce of one type of torquemeter for this application, based
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2 NACA TN 2118

on the measurement of surface strain, is reported in reference 1.
Another t~ of torquemeter that is inherently accwate is the
angular-twist type, whioh utilizes the familiar principle & meas-
urhg the twist in a gage length & shaft; the angular twist is
proportional to the torque transmitted. The angle may be measured
in a number of ways; however, the We of an optical measuring sys-
tem requires no physical connection to the rotat~ shaft, and is
therefore most d.esirahle.

An optical torquemeter incorporating these basic ideas was
designed and built at the NAM Lewis laboratory and its performance
evaluatea. The optical system uses minhizea effects of axial and
radial movement d the torsion shaft. Effects at centrMugal force
at shsft speeds up to 22,000 rpn were evaluatea; effects of temper-
ature were appro*tely evaluated..Results of the perfo~ce
investi@ion are presenter for a range at shaft speeds from 6000
to 17,000 ~ and torq~ from 200 to 5500 inch-pounds. ~CiSiOll
and accuracy were eqerimentally determheil in terms al?a root-meea-
square deviation. Dymmic operation of the instrument is aiscussea.

AJ?MRATUS

Torquemeter

,

‘1‘)

The optical torquemeter consists of two basic components, a
torsion-shaft assembly and em optical indicating system.

Torsion-shaft assembly. - The torsion-shaft (fig. 1) consists
of a torsion shaft, two mirror rings containing three mirror sur-
faces, a sleeve, an oil clinger ring -(notshown), and spherical
Splins couplings. The hollow torsion-shaft is fabricated from
SAE 4140 steel, heat treatea to a Rockwell hardness af C-26 to C-32.
The torsion shaft has an over-all length of 1.3.54inches and the
gage length of the test section is 9.00 inches. The inside and
outsise diameters of the torsion sheft are 1.249 and 1.490 i.nches$
I’espctimly. The ends of the shaft have an outsise Mameter of
2.500 tihes. 2rotisions were made for bolt@ the spline couplings
to each end.

A steel ring (ring A, fig. l(a)), containing two cf the mirror
surfs’ces,was fabricate and rigidly fastenea to one end of the tor-
sion shaft as shown. A second steel ring (ring B, fig. l(a)), con-
ta~ the thti mirror surface, was fabricateiiand rigidly mounted
on a thti steel sleeve. The torsion shaft with r3ng A attachea was
placeclinside the sleeve, the mirrors orientea, and the sleeve tack

.
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welded to the torsion shaft at the end opposite the mirror rings au
the Z.SOO-inch-diameterflange. h this manner, a twist h the tor-
sion -t produced an angular displacement between @mor rings A
and B. The final assemblybf the torsion sheft after the oil slinger
ring and spline cou@3ngs’were added is shown in figure l(b).

Optical Indicating System

Description. - The optical indicating systcxm
commerciallyavailable colltitor w+th a modified

consisted of a
light source

(f% 2). The light source wasa ~-volt lU@ttitha single
stnaight filanent. -t f~ this SOU3?C8~S SO Z’0fk)Ct8dthrough
a system of mirrors and lenses that it emerged from the collimator
in parallel rays. These rays impinged upon the’m~s of the
torsion-shaft assembly and were ref18cted back into the 6ol_tor
where they were focused on an internal scale, foming an image of
the filament of the light source. The scale was ~auated frm
O to 25, the smallest division behg 0.2. (A scale reaUng of 25
represents .025 radians of angular deflection in the torsion-shaft
assembly.) A magnifying eyepiece for reaa the scale ccmpleted
the assembly. For reading the collimator scale under ,dynamiccon-
aitiow, a 6-foot periscope repmced the e~piece. me ~ert ~
figure 2 shows a typical static torque reading of the collimator
shadng the image of the filament of the light source on the scale.

Principle of o~eration. - The @ysical law involved in the
operation of the torquemeter states that stress is proportional
to strain (withinthe elastic limit). Far a given shaft len@h,
the angular deflection is ‘thereforepqmrtional to the torque
applied to the shaft. Difficulty arises, however, in the accu-
rate measurement of this angular deflection. The method for deter-
m~ the angular deflection for the optical torquemeter is des-
cribed herein.

A schematic diagram showing in detail the orientatim & the
three mirror surfaces is pwented in figure 3. The two mirror
surfaces on ring A form an angle of 90° with respect to one
another and this angle is bisected by a plane (hdicated by the
dotted area), whioh is pe~ndicular to the axis aP the torsion
shaft● The Une formed by the intersection of the two mirror sur-
faces lies in the bisecting plane and makes an angle of 45° with
respect to a radial line Pssing through the axLs of the torsion
shaft.

.
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on ring B is pe~ndicular to the bigecting
ring A and also forms an angle of 45 with

res~ct to the reference radial line.

Thusj the mirror surfaces =e in three planes whose U&s @
intersection are mutually perpendicuk. Such a mirror system
reflects light in ~llel beams regardless aP the orientation of
the mtmor system as a whole. The reflected image is therefore
relatively independent d small radial, axial, and rotatin move-
ment of the torsion-shaft assembly and d the position of the col-
ldmmtor with res~ct to the torsion-shaftassembly.

With the collimtor in position and no torque load on the tor-
sion shaft, an image of the filament is formed on the internal col-
ltmtor scale. This ~sition of the -e is the zero or no-load
col13ma%or scale reading. When a torque load is applied to the
torsion shaft, a twist in the torsion shaft which is proportional
to the applied torque, results. This twist causes an angular disp-
lacement of mirror ring B Wth respect to mirror ring A, which,
h turn, causes the reflected light to be rotated through an angle
that is twice the angular displacement a? mirror ring B. The
reflected Mght rays enter the collimator and are focused on the
internal scale at a point different from the zero reading. The
MfY?erence in the collhator readimg is proportimal to the applied
torque.

Experimental Equipment

The torquemeter indicates a quantity that is proportional to
~ torque; therefore, static calibration is necessary in ozder to deter-
mins the factor of proportionality. Static calibrationwas acccsn-
plished hy use of a suitable static-calibration&pparatus consist-
ing of two pedestals, a bsU-ty-pe bearing, a 30.00-inchmmnent mm,
and celibratiohweights (fig. 4).

In order to evaluate the dynamic perfommce cd?the torque-
meter, it is nscessary to have a stitable standard with which to
campre values of torque as i&icated by the torquemeter. This
standard consisted of an eddy-current absorption _ometer with ‘
a se~te beam scale to measuzw dynamometer reactiou The dyna-
mometer was rated at 1700 horsepower at 25,000 rp and was c=dled
by self-a~~ trunnion beax@s between two pedestals. A
63.00-inch moment arm, fitted with a viscous type of vibration
damper was provided for static loading. A Me edge was bolted
to the arm at appro-tely 35 inches from the -s of the dyna-
mometer and was used to apply both static and dynamic loads to
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the beam scale.
field current.

5

bic loa~ was accomplished by changing the
Heat generated b the stator was removed by cir-

culating water through a dater Jacket. Temperature d th~ cooling
water at the outlet was held at 120 + 20° l?.

A 3000-horsepowerva?&ble-speed motor with a speed-increasing
gearbox was used as a power source.

~SETUI? AND METHODS

The geneml experimental prom consisted in evaluating the
toquemeter characteristicsunder static and dynamic conditions.
Static calibrations aP the torquemeter were yerformed at rbcm tem-
peratures, approximately 80° l?. ~ order to evaluate the dynamic
operative characteristicsof the torquemeter, it was necessary to
calibrate the dynamometer statically to measure the actual dynamic
loads applied to
to determine the

D.mamometer

the torquemeter. A no-load.spti test was p>rformed
effects of centrifugal force on the mirror rings.

Static Calibzati,on

static calibration. - Static calibration of the

-ometer was accq~~e~b~pl.ac~ the cd.ibrationweights “
on a load3ng pan attached to the 63.00-inch station d the Qca-
mometer moment arm and recording the corresponding scale reaMng.
Readings were thus recorded for both increasing and decreasing
torque loads in increments of 315 inch-pounds. *

Precautions were taken to inmme accurate and representative
dynamometer calibfitions. Water- and oil-hose connections were
orientated to minimize any torque application to the dynamometer by
forces tmnsmitted through these connections. Dynamometer oil and
water ~essures were maintained constemt and the discharge temper-
ature a? the cooling water was approximately 120° l?. .

Plots of dywuwaneter scale reading against applied torque were
close to a straight line and were expessed. in the form of a slope-
intercept equation. The method of least
detemlne the prticular values cd’slope
the best fit to the obser’md calibration

The equation was of the form

Y= MX+B

SCOUUW8S wss 8mp10pa tO
and intercept, that gave
data.

.

(1)

-.. -—–—-—-—- -- ---—————-——— ..— _____ ._ —
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where

Y scale reading, pounds

M constant (slope)

x torque, tich-pounds

B constant (fitercept)

The results d a typical dynamometer static calibration are
presented in figure 5. The error in inch-pounds is plotted against
tie torqye values, which were calculated frcm the cdilm’ation
equation detemdnd by the method of least square. The average
error of the observations for any true torque value is within
0.1 percent cd?fdblOaa torque.

The root-mean-square error of any one observed static reaq,
based on a number of calibrations, is +0.S9 percent of full-load
torque. The calilmtion was repeated at intervals during the course
of the torquemeter dynamic-operative studies to correct for the
variation d the dynamometer static calibrationwith ttie.

Torsion-shaft static calibration. - The torsion--t s~tic-
calibration appratus is shown-b figure 4. The loading pan was
attached to the 30.00-inch static-momentarm by meana of -e
edges. The mcznentam with the loatlingand the counter-balance
pans attached was balanced and keyed rigidly to one end of the
torsion shaft. The torsion shaft was mounted between two pedestals,
one end being supported by a ball bearing located on the rear peal-
estal, the other end bolted rigidly to the front pedestal. After
mounting> the moment arm and the torsion shaft were adjusted to a
horizontal position and the moment arm set perpendicular to the
axis uf the torsion shaft. The collimator was so placed that an
image was formed on its internal scale; the light source was so
adjusted that a zero or no-torque reading was obtained. Each of
the specially constructed calibmtion w~ights were 5+ 0.004 pounds.
Static calibrationswere made by placing the calibration weights
on the loadlng pan and record3mg the corresponding collimtm
~. Read@3s were thus recorded for both inc~sing and
decreasing torque frcm O to 6300 inch-pounds In increments of
150 inch-pounds. .
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-ic Operation

Dynamic opezation af the torquemeter was divided into two
phasea: the first phase consisted in dynamic loading of the instru-
ment over a range aP torque and.syeed; the second phase was a no-
load spin test to detezmine the effects of centrifugalforce on
the instrument reading.

Dymm ic load tests. - For dynamic operation under varying-load
conditions, the torquemeter was coupl@ between the high-speed @n-
ion drive shaft of the gearbox and the dynamometer drive shaft as
schematically shown in figure 6. Coupling was made through spherical-
type splines, and sufficient axial clearance was provided ti the
coupklngs to ~event any axial stress in the torsion shaft. The oil
for spline-coupling lubrication entered the torsion shaft from the
hollcw high-speed pinion d the gearbox. The lnffling and scavenging
system was necessary tn order to keep any oil mist from contaminating
the mirrors d the torsion shaft.

The 3000-horsepower variable-speedmotor in conjunctionwith
the speed-increasinggearbox was used as a power source. X’owerthus
generated was transmitted through the torsion shaft and absorbed
by the dynamometer. Shultaneous values of torque were indicated
by the torquemeter and dynamometer reaction.

Dynamic load runs were made over a range of speeds from 6000 ‘
to 17,000 rpm. Critical vibration of the dynamometer prevented
sustained operation from 9000 to 14,000 rpm. Torque loads from
200 to 5400 inch-pounds were set over the range of speed from 6000
to 9000 rpm. At higher speeds.,the ~ load was reduced to
4500 inch-pounds. Runs were made byrkntaining constant speed
while the load was varied. Shultaneous readings of the torquemeter
and @ammeter reaction were recorded during these runs.

Spin test . - The torquemeter was spun frcm 4000 to 22,000 rp
at no load in order to determine the effect d centrifugal force on
the torquemeter reading. The additional -s that were aaaea to
the torsion shaft in order to perfom the no-load spin run are shown
in figure 7(a). An adaptor shalt, which carried the friction load
of the outboard bearing, fastened the male splti coupling into place
and passed through the hollow torsion shaft. A centering bushing
made an easy sliding fit over the adaptor shaft and fastened tito
the end of the torsion shaft. An outboard ball-type bearing com-
pleted the assembly. The final assembly of the torsion and adaptor
shaft is shown ti figure 7(b).

—.. .. . . . ____ .. ______ ____ ____ __ ——— —.— -—. — -- ——. . . . . .
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The modified torsion-sheft assembly installed on the gearbox
. is shown in figure 7(c). ProtisionE far oiling, scavenging, and

temperature and vibration measurements were made on the outboard
bearing pedestal. The collimatm was installed as shown and the
torsion-shaft assembly was then spun fram 4000 to 22,000 rpn and
the change in the zero reading of the collimator recorded.

~S AND DISCUSSION

The evaluation aP = instrument is based on the qualities,
accuzacy, ~ecision; and practicability. Acouracy is defined by
the ordkr of agreement between the mgnitude of a quantity as
indicated by the instrument and the true magnitude. The precision
is detemdned by the ability to repeat a reading under a given set
of conditions. The practicabiUty is judged by the efficiency
(in terms of reliability, simplicity, convenience, and safety) with
which the instrument ~y be used to achieve the purpose for which
it was designed. The evaluation af this torquemeter under static
and dynamic conditicms is based on these qualities. .

Torsion-Shaft Sat ic Calibration

Static calibration is necessary in order to determine the fac-
tor of proportionally, which exists between the collimator reading
and the applied shaft torque. Such a determination is achieved
by static calibration. For static calibration, accumcy was con-
sidered to be the order of a~eement of any observation with the
correspondingtrue value as established by appl@ng the method c&
least squares to all the observations.

A typical static calibration of the torquemeter is shown in
figure 8(a), where the collimtor read3ng is plotted against true
sheft torque in inch-pounds. The plot & the observed points closely
approaches a straight line. Accordingly, a linear relation between .
collimator reading and applied shaft torque was assmd in the form

Y =mx+b (2)

where

Y col13natm reading

m slope of linB

x applied torque,

b value of y at

tich-pounds

zero torque‘(intercept)

.

u
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The method of least squares was employed to determine the pu?-
ticular values of m and b that made equation (2) fit the
observed data best. The error of the observed data from the cali-
bration equation thus dete?mdned, is shown in figuze 8(b). F@-
ure 8(b) shows the hysteresis pesent in the torsion shaft and the
accuracy with whioh the obseryed data ~oints indicate *he true value
of shaft torque. High hysteresis values in the static calibration
of the torsion sheft were ~used by friction be~en the sleeve and
the torsion shaft. bmmuch as these rubbimg surfaces could not
be lubricated because of the ~oximit y of the mimm? surfaces, this
hysteresis tended to increase with time. b future designs this
condition should be remedied.

The root-mean-square error & any iditiaual reading, based on
all the observed data for this calibmtionj is within +17 inch-pounds
or +0.27 yercent of full load (6300 in.-lb).

Because torsion-shaft static calibrationswere yerformed at
room temperatures (apyoxhmtely 80° F), correction factors based
on the change ti the torsional modulus & elasticity with temper-
ature were applied to determine the proper static calibration for
temperatures other than 80° F. The slope of the static calibration
is tiversel.yproportional to the torsional modulus of elasticity
of the torsion shaft.

When the slope of one calibration is known at a given temper-
ature, it is relatively simple to find the
at any other tempemtm by the use & the
(reference 2, p. 31).

where

G torsional

~ torsional

G 1- T2—=
Go ()q

modulus to be tb%e~tid

modulus at 0° R

T temperature at which G is destied, %

~ melting point of material, OR

slope of a calibration
following equation

.- .,... —.—— .—..——______ .—— ___ ..—_ .—. — —.. ——...—..—
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On the basis of experience with shafts oyemting under simi-
lar conditions, shaft tempemtures were assumed to be 80° 1?up to
8000 rp, 100° 1?up to 10,000 rpm, and 130° 1?for shaft syeeds
over 10,000 rp. The magnitude of this correction amounted to a
0.6-percent ticrease h the slope & the static calibration for a
torsion-shaft temperature rise of 50° F.

-c operation

Centrifugall-force effects. - The results of the no-load spin
test are presented in figure 9. The change in the zero or no-load
collimator reading is plotted against torsion-shaft speed ti rpm.
No change occurred.in the collimator readimg for shaft speeds from
4000 to 8000 rpm. Rrom 8000 to 10,000 the reading increased
0.025 ditisions, which reyesents a torque change of 7 iqch-pounds
or appro~tely 0.11 percent of a full-load torque of 6300 inch-
pxlnds● At shaft speeds above 10,000 rpm the increase W collimator
read3ng was 0.05 divisions and remained constant until approximately
22,000 rpm, which was the maximum spe”edfor the test, was attained.
These centrifugal effects were included as uormction factors on the
static-calibmtion equation.

Thus, application of two correction factors to the static-
cali.braticmequation is necessary: a temperature correction on
the value af the slope m, and a shaft speed correction on the
value aP the intercept b. The observed collimator reading together
tith speed and temperature corrections was used b equation (2) to
calculate dynamic shaft torque.

Precision and accuracy. - -C shaft torques, as indicated
by the dynamometer, were assumed to be true torque values and were
used as a basis for evaluating the precision and the accuracy of
the torquemeter under d-c conditions. The Uerence between .
shultaneous torque values, as indicated by the torquemeter and
dynamometer, is called the torquemeter deyiation. This deviation
for a range d speed and load is plotted,agai.nstdynamometer torque
in figure 10.

The yrecision d the torquemeter under dynamic conditions is
ind.icatedby ’the&ta-point groups for similar conditions of syeed
and load (fig. 10). Furthermore, because the dynamometer torque
values are assumed to be true torque values, the proximity of the
data points to the line of zero torquemeter deviation is an indi-
cation of the accumcy & the torquemeter.

.

—.—— .— .— L...
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In general, the precision and the accuracy of the torquemeter
is higher at shaft speeds at and beluw 14,000 rpm. At higher ~eeti
the greater scatter of the data was caused by torsional vibration
making it difficult to obtati accurate collimator readings. The
‘greaterdeviation may be caused by an error in the assumed shaft
tempenture. In the mnge of speed below 14,000 rpm, the normal
oscillation of the hinge on the collimator scale was oh the order
of +0.3; whereas at higher shaft speeds, the amplitude of the oscil-
lation was on the order of *0.6. The root-mean-square deviation
based on all the dynamic data points is +32 inch-pounds or +0.51 per-
cent of full load (6300 in.-lb) and represents the over-all accuracy
and precision. The root-mean-square error in the apwmnent of torque-
meter and dynamometer torques based on the static calibrations is
4s29inch-pounds or +0.46 yercent of full bad. This root-mean-square
error shows that the probable accuracy and preoision of the instru-
ment obtained under dynamic conditions was fairly accurately pre-
dicted by applying the laws of probability to the static calibrations
of the torquemeter and.the dynamometer.

Practicability

The practicabilityy of the instrument
following observations:

(1) The investigation proved.that an

may be summarized in the

optical-type torquemeter
may be operated at high rotative speeds with considerable accuraoy.

(2) The -@nciples involved in its operation are simple and the
coil-tor used with this torqusmeter is commerciallyavailable.

“ (3) The 5nstallati& of the torquemeter is ~tly simplified
by the use of an optical Moating ~wt~ t~t rqures no phwi~l
connection to the rotating torsion shaft.

Some of the disad~tages associated with the use of the P-
tic~ optiwl system aployed with this torquemeter are:

(1) Difficulty is encountered in the actual fabrication of
mirror rings and mirrors to close tolerances.

(2) A baffling system is necessary to keep oil mist from the
surfaces of the mirrors and the lenses.

(3) Failure d? the filament of the light source requires recal-
ibration of the torsion shaft because the position of the filament

in any two bulbs is not exactly the same.
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(4) Remote readings
and even though a 6-foot
personnel to be near the

NACA TN 21.18

at the imtrument are Uff icult to obtain
periscope was used it was necessary for
rotating torsion shaft. This proximity

~o the shaft is particularly un&=ble from a safety ‘tiewpo~t.

Although the accuracy and the p?ecision of the optical torque-
meter are acceptable, from a consideration of the comparative
merits af this torquemeter and the strain-gage torquemeter (ref~
erence 1), based on
gage torquemeter is
presser and turbine

experience with the two instruments, the strain-
better suited to meet the needs of basic com-
research.

.

CONCLUDING REMARKS
.

I’roman inw’estimationinvolving a study of the static and
dynamic operating characteristicsof an optical torquemeter, the
follomlng results, concussions, and recommendationswere obtained:

1. An optical torquemeter, the indica&g system of which ●

requires no physical connection to the torsion shaft, was ilevel-
oped emd operated over a range of speed and 10EuIfyam 6000 to
17,000 rpm and 200”to 5500 inch-pounds with an accuracy and pre-
cisionof&O.51 percent of full load (6300 in.-lb).

2. Calibration of the torquemeter was affecteilby shaft tem-
perature and speed. Measurements of torsion-shaft temperature
should be made to permit accurate correction of the static-
calibratfon constants. The magnitude af the effects cd?centrifu-
gal force canbe aetemined by a suitable no-load spin test.

3. High hysteresis values k static calibration of the torque-
meter were apparently caused by friction between the sleeve and
the torsion shaft. This oondition shouldbe corrected in future
designs.

4. On the basis of experience with the optical torquemeter
and with the strain-gage torquemeter, b the present form the
strain-gage torquemeter is better suited toneet the needs of
basic c-essor and turbine research.

Ikwis Flight Propulsion Laboratory,
National Advisory Committee

Cleveland, Ohio, March
for Aeronautics,
7, 1950.

.

——— ——



NACA TN 2118

1.

2.

13
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Figure 2. - Optical collimatorvith insert showingtypicaltorquemeterreadingunder static
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